Abstract. Pim-2 is a serine/threonine protein kinase that is highly expressed in various types of cancer, with essential roles in the regulation of signal transduction cascades, which promote cell survival and proliferation. The present study demonstrated that Pim-2 was expressed in cells lines derived from hematopoietic tumors and lung cancer. In vitro, downregulation of Pim-2 by short interfering RNA inhibited proliferation and delayed G 0 /G 1 cell cycle progression in K562 leukemia, RPMI-8226 multiple myeloma, and H1299 and A549 non-small cell lung carcinoma cell lines. Furthermore, downregulation of Pim-2 resulted in upregulation of cyclin-dependent kinase (CDK) inhibitor p21, irrespective of the p53 status. In addition, the present study revealed that CDK2 and phosphorylated retinoblastoma (pRb) were significantly downregulated. This finding suggested that inhibition of CDK2 and pRb expression via upregulated p21 was involved in the downregulation of Pim-2-induced G 0 /G 1 cell cycle arrest in lung cancer and hematopoietic malignancy cells. These results suggested that Pim-2 may serve a role in hematopoietic tumors, lung cancer proliferation and cell cycle progression by regulating the p21 signaling pathway. Downregulation of Pim-2 decreased cancer cell proliferation. Therefore, Pim-2 may be a potential therapy target in clinical cancer therapy.
Introduction
Tumorigenesis is initiated by the activation of oncogenes and the inactivation of tumor suppressor genes, leading to an increase in cell proliferation and a decrease in apoptosis. The proto-oncogene Pim-2 was originally identified as a result of a proviral insertion discovered in a murine T cell lymphoma (1) . Overexpression of Pim-2 has been reported to occur in lymphoma (2) , leukemia (3) and multiple myeloma (MM) (4) . Other previous studies have also suggested that Pim-2 promoting the growth of solid tumors, including prostate cancer (5) , gastric liver carcinomas (6) and colorectal carcinoma (7) . These observations highlight that Pim-2 serves roles in the tumorigenesis of a number of hematological neoplasms in addition to solid tumors.
Pim kinases are a family of serine/threonine kinases that includes three highly homologous members (Pim1, Pim2 and Pim3). Pim kinases are important regulators of normal cell cycle progression. Pim-1 and Pim-2 have a similar function, highlighted by a study that demonstrated that Pim-1 and Pim-2 genes induced lymphomas alone or in synergy with c-myc (8) . Pim kinases inhibit cell growth via the regulation of cell cycle progression (9) . Phosphorylation of M-phase inducer phospha-. Phosphorylation of M-phase inducer phosphaPhosphorylation of M-phase inducer phosphatase 1 by Pim-1 amplifies the effects of this critical G 1 /S-phase phosphatase (10) . In addition, the stability of cyclin-dependent kinase (CDK) inhibitor p21, which inhibits G 1 /S-phase progression, was enhanced by Pim-2 phosphorylation and inhibited cell proliferation in HCT116 cells (7) . However, Pim-2 can function as a potent survival factor; Pim-2 has been revealed to be upregulated and associated with the progression of chronic lymphatic leukemia, diffuse large B-cell lymphoma, mantle cell lymphoma and MM (11) (12) (13) . However, the molecular mechanisms underlying the association between Pim-2 and cell cycle regulators remain unclear in lung cancer and these neoplasms.
p21 Cip1/WAF1 (p21) is a negative modulator of cell cycle progression and inhibits the activity of cyclin/CDK2 complexes, which phosphorylate retinoblastoma protein (Rb) and promote E2F transcription factor 1 (E2F1)-induced proliferation by inducing phosphorylation of its transactivation domain, thus promoting the induction of genes required for S-phase progression (14, 15) . DNA damage results in p53-dependent induction of p21 during p53-induced apoptosis (16) . However, the regulation of p21 expression is primarily regulated at the transcriptional level and may occur via a p53-dependent or p53-independent mechanism (17) . Whether the mutation of the p53 gene affects the link between Pim-2 and the p21 signaling pathway is investigated in the present study.
The present study demonstrated that Pim2 was expressed in solid tumors (lung cancer) and hematological neoplasms (leukemia and MM). Downregulation of Pim-2 decreased cell proliferation and cell cycle arrest in the G 0 /G 1 phase via the p21 signaling pathway. Furthermore, the process in the H1299 (p53 -) cell line was not p53-dependent.
Materials and methods
Cell culture and transfection. K562 chronic myelogenous leukemia cell line, RPMI-8226MM cell line and H1299 and A549 non-small cell lung carcinoma cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA), and grown in RPMI-1640 medium (Boehringer, Ingelheim, Germany) supplemented with 10% heat-inactivated fetal calf serum (Boehringer), 100 µg/ml penicillin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 100 U/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.), in a humidified atmosphere (37.5˚C; 5% CO 2 ). Transfections were performed using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Silencer validated short interfering (si)RNA for Pim-2 (sense, 5'-GUG CCA AAC UCA UUG AUU UTT-3' and antisense, 5'-AAA UCA AUG AGU UUG GCA CTT-3') and scrambled siRNA (sense, 5'-AUC CGC GCG AUA GUA CGU ATT-3' and antisense, 5'-UAC GUA CUA UCG CGC GGA UTT-3') were used. siRNA was diluted to 20 µM with DEPC water and placed in a 6-well plate. A total of 5 µl siRNA (20 µM), 5 µl Lipofectamine ® 2000 and 100 µl culture media was added per siRNA mastermix tube and agitated gently. This was incubated for 15 min at room temperature to allow complex formation between siRNA and lipids. Media was removed from the cells and 1,900 µl fresh media was added to each 6-well plate. siRNA mixture (110 µl per well) was added drop-wise while gently swirling the plate. Cells were cultured for 48 h at 37.5˚C prior to harvesting for analysis.
Proliferation assay. Cell viability was evaluated using the tetrazolium salt-based cell counting kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Cells were seeded into 96-well plates at 1.5x10 5 cell/ml in 200 µl complete medium (RPMI medium + serum). Plates were incubated for siRNA transfection for 48 h at 37˚C in 5% CO 2 , then 20 µl CCK-8 reagent was added to the wells followed by incubation for 1.5 h at 37.5˚C. The optical density (OD) was evaluated at 450 nm within 15 min. The experiment was repeated 3 times with each sample in triplicate. Cell viability was determined using the following equation: Proliferation (%)=(OD450 of isogarcinol group/OD450 of control group) x100%.
Cell cycle analysis by flow cytometry. Cell cycle analysis was performed using a FACSCalibur (BD Bioscience, Franklin Lakes, NJ, USA). Cells (5x10 5 cells) were fixed in 70% ethanol for ≥4 h at 4˚C and stained with 20 µg/ml propidium iodide supplemented with 10 µg/ml RNaseA for 30 min at room temperature. Resulting DNA distributions were analyzed by Modifit (version 4.0; Verify Software House, Inc., Topsham, ME, USA) for the proportions of cells in the phases of the cell cycle.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from A549, H1299, RPMI8226 and K562 cells using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) at 4˚C for 24 h. A total of 1 µg purified total RNA was reverse transcribed to complementary DNA using the SuperScript First-Strand Synthesis System (Invitrogen; Thermo Fisher Scientific, Inc.). RT-qPCR was performed using SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd., Dalian, China) and the Thermal Cycler Dice Real Time system (Takara Biotechnology Co., Ltd.) in a 96-well plate, according to the manufacturer's protocol. The optimized parameters for PCR were: 95˚C for 2 min, 94˚C for 10 sec, 61.5˚C for 30 sec and 72˚C for 40 sec (40 cycles). The primers used for RT-qPCR were as follows: Human Pim-2, sense 5'-TTG GGA AGG AAT GGA AGA TG-3' and anti-sense, 5'-CAG GAG AAC AAA CAG CAA GC-3'; human GAPDH sense 5'-AAT CCC ATC ACC ATC TTC CA-3' and antisense, 5'-TGG ACT CCA CGA CGT ACT CA-3'. The Pim-2 expression levels were evaluated using the 2 -ΔΔCq method, using GAPDH as an internal control (18) .
Western blot analysis. Western blot analysis evaluated the content of Pim-2 P53, P21, CDK2 Rb and phosphorylated (p) Rb in cell extracts following siRNA transfection for 48 h. Cells were cultured with nuclear factor-κB (NF-κB) inhibitor (Ro 106-9920; Tocris Bioscience, Bristol, UK) at 37.5˚C for 48 h prior to harvesting for analysis of NF-κB and Pim-2 expression levels. Cells were lysed with a lysis buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA, 100 mM NaF,1% NP40, 1 µg/ml leupeptin, 1 µg/ml anti-pain and 1 mM phenylmethylsulfonyl fluoride),and the protein concentrations were determined using a BCA protein assay kit (Pierce; Thermo Fisher Scientific, Inc.). Proteins (30 µg) were separated using 8% SDS-PAGE. Following electrophoresis, the SDS-PAGE gels were transferred electronically to polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). PVDF membranes were blocked using a solution containing 5% skimmed milk and incubated overnight at 4˚C with the following antibodies: Anti-p21 (cat. no. 2947), anti-CDK2 (cat. no. 2546), anti-pRb (cat. no. 9308), anti-Rb (cat. no. 9303), anti-NF-κB (cat. no. 8242), anti-GAPDH (cat. no. 5174; all Cell Signaling Technology, Inc., Danvers, MA, USA), anti-Pim-2 (cat. no. ab97475; Abcam, Cambridge, UK) and anti-p53 (cat. no. sc-126; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) were diluted using PBS (1:1,000). Following washing with Tris-buffered saline with Tween-20, the membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugated anti-rabbit IgG sheep antibody diluted using PBS (1:2,000; cat no. ab6721; Abcam) or horseradish peroxidase-conjugated anti-mouse IgG sheep antibody diluted using PBS (1:2,000; cat no. ab6785; Abcam). Reactive proteins were visualized using an Immobilon Western horseradish peroxidase chemiluminescence kit (EMD Millipore, Billerica, MA, USA).
Immunocytochemistry. Cells were prepared as monolayer on 6-well plates. Monolayers were washed with PBS twice, fixed in 4% ice-cold paraformaldehyde solution for 10 min and subsequently blocked in PBS supplemented with 2% rabbit serum for 1 h at room temperature. Samples were incubated with rabbit anti-Pim-2 (dilution, 1:500) overnight at 4˚C followed by a secondary fluorescein isothiocyanate-conjugated anti-rabbit antibody (1:200; ab150077; Abcam) for 1 h at room temperature. Following three washes, monolayers were mounted on glass slides with ProLong antifade mounting medium with DAPI (Molecular Probes; Thermo Fisher Scientific, Inc.). Images were observed under a fluorescence microscope (magnification, x200).
Statistical analysis.
All results are expressed as the mean and standard deviation of numerous independent experiments. Multiple comparisons of the data were performed by Student's t-test to determine statistical significance of detected differences. P<0.05 was considered to indicate a statistically significant difference.
Results

Pim-2 expression and localization.
Western blotting was performed to evaluate the expression levels of Pim-2 in K562, RPMI-8226, H1299 and A549 cell lines. Western blotting demonstrated clear expression of Pim-2 and NF-κB in K562 cells, but lower expression levels in RPMI-8226, H1299 and A549 cell lines (Fig. 1) . Immunocytochemistry analysis of all four cell lines revealed that Pim-2 was predominantly located in the cytoplasm (Fig. 2) .
Inhibition of Pim-2 mRNA and protein expression levels by
Pim-2 specific siRNA. In order to investigate the role of Pim-2 in the cancer cell lines tested, Pim-2 was knocked down using Pim-2 siRNA in K562, RPMI-8226, H1299 and A549 cell lines. The degree of Pim-2 expression knockdown by specific siRNA was determined by RT-qPCR analysis and western blotting. Pim-2-specific siRNAs significantly decreased Pim-2 mRNA levels (P<0.05; Fig. 3 ) and markedly decreased protein expression levels in all four cell lines (Fig. 4) ; however, siRNA knockdown exhibited the highest efficiency in H1299 and A549 cells (70 and 62% inhibition at the mRNA level, respectively). In addition, Pim-2 specific siRNAs markedly decreased the protein expression level of NF-κB (Fig. 4) .
Pim-2 silencing suppresses cell proliferation. In order to determine whether knockdown of Pim-2 expression by siRNA had an inhibitory effect on cancer cell growth, cell proliferation was determined using CCK-8. Proliferation was significantly reduced by 29 (K562), 24 (RPMI-8226), 44 (H1299) and 59% (A549) in Pim-2 siRNA knockdown cells when compared with the control cells (P<0.05) at 48 h after incubation (Fig. 5) . These results suggested that Pim-2 may serve a pivotal role in cell proliferation. Western blotting was performed to investigate the effect of Pim-2 knockdown on the expression level of cell cycle-associated proteins, including CDK inhibitors, p21Cip1/WAF1, CDK2, Rb, pRb and tumor suppressor protein p53. Following the inhibition of Pim-2 in K562, RPMI-8226, H1299 and A549 cells by siRNA, p21 expression was markedly increased and CDK2 expression was markedly decreased in all four cell lines compared with the control (Fig. 8) . The p21 protein, as a member of the Cip/Kip family of CDK2 inhibitors, binds to and inhibits CDK2/cyclin complexes during the G 1 phase (14, 19) , which is in accordance with the results from the present study. Rb is a 'master controller' of the cell cycle, attributed to its intricate involvement in the regulation of the G 1 to S phase transition (20) . Mitogenic stimulation during G 1 cell cycle phase induces sequential activation of CDK2-cyclin E complexes, which hyperphosphorylate Rb and thereby induce the release of active E2F1 to drive G 1 to S-phase progression (21) . Therefore, Rb may be affected by the downregulation of Pim-2. To confirm this hypothesis, p-Rb and Rb expression levels were evaluated by western blotting. A marked reduction of p-Rb following the knockdown of Pim-2 was observed compared with the control (Fig. 8) .
Pim-2 silencing arrests cells in the G
p53, which is known as a 'guardian' of the genome, regulates responses to genotoxic stress through the modulation of the transcription of a number of genes encoding proteins involved in cell cycle control, including p21 Cip1/WAF1 (22) . 
NF-κB inhibition decreases the expression of Pim-2.
Since treatment with Pim-2 siRNA also markedly decreased the expression of NF-κB, cells were treated with an NF-κB inhibitor (Ro 106-9920) at an increasing concentration for 48 h to analyze the effect on Pim-2 expression. Pim-2 expression was suppressed following the inhibition of NF-κB, but not in a concentration-dependent manner at the concentrations tested (Fig. 9) .
Discussion
Overexpression of Pim in cancer, particularly hematopoietic malignancies, is thought to serve a role in promoting survival Figure 4 . Inhibition of Pim-2 expression by specific siRNA at the protein level. Western blot analysis of control siRNA and Pim-2 siRNA total cell extracts (K562, RPMI-8226, H1299 and A549). The membranes were blotted with antibodies against Pim-2, NF-κB and GAPDH (as a control for equal sample loading). siRNA, short interfering RNA; NF-κB, nuclear factor-κB. The present study demonstrated the expression levels of Pim-2 in hematopoietic malignancies (K562, MM) and solid tumors (H1299, A549). Pim-2 was primarily expressed in the cytoplasm. These results were consistent with previous studies that demonstrated that Pim-2 was widely expressed in various types of cancer (11) (12) (13) . Therefore Pim-2 may be a potential therapy target for novel cancer treatments.
The present study aimed to elucidate the role of Pim-2 in proliferation by inhibiting its expression using siRNA. Treatment of K562, RPMI-8226, H1299 and A549 cells with Pim-2 targeted siRNA resulted in a significant decrease in Pim-2 expression. The efficiency and effects of Pim-2 knockdown were more apparent in H1299 and A549 cells compared with the other cell lines tested. In addition, downregulation of Pim-2 led to the downregulation of NF-κB, a nuclear factor activated by various upstream factors that regulates a number of downstream signaling pathways, and thus serves various roles in the inflammatory response, cell proliferation and tumorigenesis (24) .
A CCK-8 assay revealed a significant decrease in the proliferation rate of cells following treatment with Pim-2 siRNA compared with control siRNA (P<0.05) in the experimental cell lines used. In order to investigate the molecular mechanisms underlying the effects of Pim-2 expression on cell proliferation, cell cycles were characterized using flow cytometry analysis. The results demonstrated a significant increase in the proportion of cells in the G 0 /G 1 phase following treatment with Pim-2 siRNA compared with cells treated with control siRNA. There was a concomitant significant decrease in the percentage of S and G 2 /M phase cells following treatment with Pim-2 siRNA compared with cells treated with control siRNA. These results suggest that Pim-2 may serve a role in Figure 8 . Effect of inhibition of Pim-2 in K562, RPMI-8226, H1299 and A549 cells on the cell cycle regulatory protein expression levels. Western blot analysis of cell cycle regulatory proteins P53, P21, CDK2, pRb and Rb in control and pim-2 silenced cells. p21 was highly expressed in all the cell lines. GAPDH was used as endogenous control. CDK2, cell dependent kinase 2; Rb, retinoblastoma; p, phosphorylated; siRNA, short interfering RNA. Since downregulation of Pim-2 resulted in the accumulation of cells in the G 0 /G 1 phase, the expression levels of cell cycle regulators were investigated in the present study. The results revealed that CDK2 and pRb were markedly downregulated, whereas p21 was markedly upregulated following treatment with Pim-2 siRNA. These results suggest that the inhibition of CDK2 and pRb expression levels via upregulated p21 is involved in mediating the effects of Pim-2 downregulation on G 0 /G 1 arrest in lung cancer and hematopoietic malignancies. Pim-2 phosphorylation of p21Cip1/WAF1 inhibits cell proliferation in human colon carcinoma (7) . Further studies are required in order to verify the results of the present study and to elucidate the molecular mechanisms underlying Pim-2 regulation of p21.
Expression of the p21 gene is tightly controlled by the tumor suppressor p53 (7, 25) . The present study revealed that p21 was significantly highly expressed in the p53( (27) .
In addition to the resulting downregulation of NF-κB following Pim-2 downregulation, Pim-2 expression was markedly decreased following treatment with an NF-κB inhibitor. This suggests that there is an association between NF-κB and Pim-2 in cancer cells. Pim-2 has previously been demonstrated to activate API-5 to in order to inhibit the apoptosis of hepatocellular carcinoma cells via the NF-κB signaling pathway (28) . The ability of Pim-2 to serve as an oncogene in vivo depends on sustained NF-κB activity in lymphoma (29) . NF-κB may be a downstream factor of the Pim-2 signaling pathway. However, bone marrow stromal cells (BMSCs) and osteoclasts have been demonstrated to upregulate Pim-2 expression level in MM cells via the interleukin-6/signal transducer and activator of transcription 3 and NF-κB signaling pathways, respectively (4). Pim-2 and NF-κB promote cell survival in response to a wide variety of proliferative signals (30, 31) . Numerous previous studies revealed that downstream factors of Pim-2 include the translational repressor 4E-binding protein 1, the BH3 protein BCL2 associated agonist of cell death and tuberous sclerosis 2 (TSC2) (13, 32) . NF-kB has been demon-3,32). NF-kB has been demon-32). NF-kB has been demonstrated to regulate TSC2-dependent cell survival (33) . Thus, there are certain signals between Pim-2 and NF-κB that have not been described previously. Previous studies have suggested that Pim-2 may be an important survival factor in cancer proliferation and requires further attention (11) (12) (13) .
In conclusion, the present study demonstrated that Pim-2 was highly expressed in cell lines derived from solid tumors (A549 and H1299 lung cancer cell lines) and hematopoietic malignancies (K562 leukemia cell line and RPMI-8226MM cell line). Further knockdown of Pim-2 by using siRNA .Western blot analysis of Pim-2 and NF-κB with NF-κB inhibitor at 0, 1, 2.5, 5 and 10 µΜ. Pim-2 and NF-κB expression levels were significant decreased in all the cell lines. GAPDH was used as endogenous control. NF-κB, nuclear factor-κB.
potently inhibited proliferation and promoted cell cycle arrest at the G 0 /G 1 phase. Pim-2 overexpression may be associated with cell cycle progression via downregulation of p21, without p53-dependence. Further investigation of the functional role of Pim-2 may lead to an improved understanding of the molecular mechanisms underlying lung cancer and hematopoietic malignancies. Combinations of drugs that induce suppression of Pim-2 may be an effective strategy for treatment of lung cancer and hematopoietic malignancies, and therefore require further evaluation.
